Abstract
INTRODUCTION
Machining is one of the major manufacturing processes and is often accomplished by very high energy consumed to shear off the material by the cutting tool. Due to this, abnormal amount of friction and in turn very high temperatures are generated at the tool, work and chip interfaces. Inadvertently, the machining parameters like cutting force, tool wear and surface roughness are to be increased [1] . In order to reduce the these parameters, cutting fluids are the best choice as they provide cooling and lubrication to the cutting zone [2, 3] . However, cutting fluids introduce major health and safety concerns, high handling and carrying costs, disposal, water and soil pollution, [4, 5] exposure to cutting fluids for long term causes dermatitis [6] . It was estimated by the National Institute for Occupational Safety and Health (NIOSH) that in every year 1.2 million workers involved in machining, forming and other metal working operations are exposed to metal working fluids [7] . It was reported recycling services for the cutting fluids in the United States charge twice the purchasing price for disposal and the cost is four times as much in Europe [8] . This has prompted the search for alternative methods, wherein the use of cutting fluids is minimized.
Minimum Quantity Lubrication (MQL) is one such strategy where very minimal amounts of the fluids are used. Nevertheless, to achieve high cooling ability with minimum quantity lubrication, a fluid with high thermal conductivity of the fluids, like nanofluids, must be chosen [9-11].
LITERATURE REVIEW
Cutting fluids are said to be accounting to major expenditure in any metal cutting industry, in fact more than the cost of the cutting tools [12] . Considering the stringent environmental laws, high cost of the cutting fluids, ecological and issues related to health hazards, various methods are evolved to minimize or eliminate the usage of the cutting fluids [13] . This has lead to the development of minimum quantity lubrication (MQL) [14] . MQL has been applied in several operations like turning, milling and grinding and encouraging results were obtained [14] [15] [16] . However, since the amount of fluid supplied is very low, a fluid with superior properties, compared to the conventional fluids is required. In this context, nanofluids are emerging as possible solutions. In the preparation of nanofluid, the choice of nano particle is critical and depends on the application. Since, in the present application lubrication and cooling are required, solid lubricants may be chosen.
CaF 2 is reported to significantly reduce coefficient of friction [17] and tool flank wear [18] . By using cemented carbide tool in the presence of solid lubricant, turning was carried out on EN 8 steel work piece and lubricating properties were assessed based on the measurement of the cutting forces [19] . Improved surface quality of the bearing steel with mixed ceramic tools was reported when MoS 2 and graphite were used [20] . Graphite, due to its structure has a distinct place in the class of solid lubricants and is very widely used in machining. Park et. al [21] have studied the use of graphene based nanofluid as lubricant for ball milling operation and have reported good results for 0.1% inclusion levels. However, graphene is costly compared to graphite.
In the present work, AISI 1040 steel was machined with HSS and Cemented carbide tools. Nanofluids made up of nano graphite powder particles ( 80 nm size ) in various proportions like 0%, 0.1%, 0.3% and 0.5% by weight and water soluble oil as base fluid are used as coolants in MQL. The fluids were first characterized and then different flow rates of 5ml/min, 10 ml/min and 15 ml/min flow rates are tried in MQL in addition to both dry machining & flood coolant machining. The effect on various process parameters like surface finish, cutting forces, tool wear and temperatures was studied.
EXPERIMENTATION

Lubricant Mixture Properties
The nanofluids was prepared by sonicating the previously functionalized Nanoparticles using a sonicator. Functionalisation is done to make the Nanoparticles hydrophilic from hydrophobic. Initially, use of surfactant TritonX-100 was opted, however, it was found to decrease the thermal conductivity of the fluid (Table. 1), hence, functionalization was chosen. Nano graphite material was calcinated by heating in furnace whose temperature is maintained at 450 0 C for about 45 min and then refluxed by using 6 molar concentric H2SO4 with HNO 3 in the ratio of 2:1 for 6 hours. After cooling the mixture, it was washed with water and by using vacuum filtration, it is completely filtered to drain off water. This process was repeated to attain till pH value of 7 (neutral) is obtained. In order to get functionalized nano graphite powder, the slurry is dried in oven at 80 0 C in vacuum for 16 hrs. After sonication, the fluids were used for experimentation. The supply flow is controlled by a regulating valve provided in the set up. The fluids were tested to evaluate the properties like density, thermal conductivity, kinematic viscosity, pH.
Machining Tests
In order to test the effectiveness of the fluids in machining, the fluids were supplied at different flow rates as lubricant. The experimental set-up is shown Fig 1 and the details are presented in Table 2 . A separate set up has been made to store, carry and supply of the solid lubricant mixture to the cutting zone.
The variables which effect the machining performance like tool geometry, cutting conditions, type of the lubricant, HSS and uncoated cemented carbide tools were selected based on the manufacturers recommendations. All the cutting tests are performed on PSG 124 lathe under constant cutting conditions. Cutting forces are measured by using 4 component piezo electric KISTLER dynamometer (Type-9272). Talysurf is employed to measure the surface roughness (Ra). By using metallurgical microscope, tool wear is measured off line at the end of each cut under 5X, 10X magnifications. K type thermocouple is used to measure the cutting temperatures placed below the tool insert in case of carbide tool and connected to the tool in case of HSS tool. All the experiments were conducted in triplicate and the average of the values has been considered.
RESULTS AND DISCUSSIONS
Properties of the Nano Graphite Lubricant
Mixture
Density values measured are given in table-3 for different volume proportions of nano cutting fluids. Density has a detrimental effect on the heat transfer coefficient in convection. The kinematic viscosity of nano particle suspended cutting fluids is given in table-4 and it is found that there is an increase in viscosity with increase in weight percentage of the nano particles. As viscosity is an important property for lubricants, apparently, cutting fluids with higher concentration of nano graphite can serve as better lubricants. Further, decrease in viscosity is observed as temperature increased. It may be noted that the overall combined effect of both these parameters is critical in deciding the lubricating properties of the fluids.
Apart from lubrication, cooling is another prime objective of cutting fluid. Thermal conductivity of the fluids is estimated at different temperatures as given in Table-5 . Results indicate rise in thermal conductivity with increase in inclusion levels. Unlike most liquids, which show a fall in thermal conductivity with rise in temperature, the fluids show a consistent increase in the thermal conductivity with temperature. This property may be inherited from water, which is a major constituent of the fluids. Since thermal conductivity is found to rise with increase in content of inclusion, fluids with higher inclusion levels content can apparently be used for machining that produces higher temperatures. The resistance of the fluids to microbial action is affected to a large extent by the pH value of the fluid. pH values the different fluids are given in table-6. The results showed rise in pH value with inclusion level, which is characterized by rise in alkalinity of the fluid. pH values too high or low can prove hazardous to the operator and pose a problem in waste disposal.
Machining Parameters
Cutting Forces
To appraise the lubricating properties of the fluids, cutting forces were measured while machining in all the considered conditions of lubrication. Variation of the cutting force with machining time for Nanofluids at different flow rates are presented in Figs. 2-7 for both Cemented Carbide and HSS tools. Dry cutting has given rise to highest cutting forces followed by the soluble oil (flood cooling). It can be seen that increase in inclusion of the fluid has decrease in cutting force. The possible reason may be the effectiveness of the solid lubricant at nano level size and also the trends observed for the kinematic viscosities. Also the forces decreased with increase in the flow rate of the fluid.
When experiment results under 15 ml/min flow rate compared with 5ml/min flow rate using HSS tool, the reduction in cutting forces was found 65% in plain MQL, 69% in MQL with 0.1wt% graphite, 67% in MQL with 0.3wt% graphite and 69% in MQL with 0.5wt% graphite nano fluid. Similarly, using with cemented carbide insert, the reduction was found 6% in plain MQL, 5% in MQL with 0.1wt% graphite, 5% in MQL with 0.3wt% graphite and 15% in MQL with 0.5wt% graphite nano fluid.
From the above findings, the resultant force measurements corresponding to MQL with 0.5wt% graphite nano fluid were less than the measurements with all other experimental combinations under 15ml/min flow rate except in case of MQL with 0.3wt% graphite nano fluid and machined with HSS ( with a marginal difference of 2% more than 0.5wt%) superior that means, as weight percentage increased from 0.0% to 0.5% the nano graphite particle suspended fluid behaved like pure base oil which means the role of nano particle at chip tool interface was being nullified result in level of resultant force required against nano particle was reduced. This lead to reduction in magnitude of cutting forces. This will be attributed to reduction of cutting zone temperatures result in less friction and decrease in BUE formation.
However, from the results, when compared to HSS tool, the cutting forces appeared to be less in Cemented carbide insert in the prevailing cutting conditions.
Cutting Temperature
Since measurement of the temperatures at tip is difficult, an embedded thermocouple method is adopted to estimate the effectiveness of the fluids in cooling. The measured temperatures correspond to a nodal point located at some distance to the cutting tip. Since the present study aims to compare the performance of the cutting fluids and is not interested in estimation of actual cutting temperature, this strategy has been followed. A standard K type thermocouple is used to monitor the temperature by using a digital temperature indicator. Results shown in Fig 8 to 13 indicate that in dry machining cutting temperatures are highest for dry machining, while soluble oil (flood cooling) produces least temperatures. For increase in the percentage inclusion of the cutting fluids and the flow rates, the temperatures decreased. It may be noted that similar trend was observed in thermal conductivity measurements.
When experiment results under 15 ml/min flow rate compared with 5ml/min flow rate using HSS tool, the reduction in cutting temperature was found 26% in plain MQL, 24% in MQL with 0.1wt% graphite, 30% in MQL with 0.3wt% graphite and 27% in MQL with 0.5wt% graphite nano fluid. Similarly, using with cemented carbide insert, the reduction was found 15% in plain MQL,12% in MQL with 0.1wt% graphite, 16% in MQL with 0.3wt% graphite and 20% in MQL with 0.5wt% graphite nano fluid as nano size graphite particles more or less suspended completely in the base fluid without any agglomeration thereby reduce friction at the toolchip interface can be expected. Another reason would be reduced cutting forces which in turn lowered the power consumption during machining operation. Whatever power that was consumed converted to heat of less quantity distributed along primary zone ie shear zone and secondary zone i.e. tool-chip interface.
From all above findings, the reduction in cutting temperature was maximum in MQL with 0.3wt % graphite nano fluid under 15ml/min flow rate when machined with HSS tool and maximum in MQL with 0.5wt% graphite nano fluid under same flow rate. However it was found only a marginal difference of 3% to 4% less than MQL with 0.3wt% graphite nano fluid in case of machined with cemented carbide insert. However, from the results, when compared to HSS tool, the cutting temperatures appeared to be less in Cemented carbide insert in the prevailing cutting conditions.
Surface Roughness
Surface roughness plays an important role on product quality. In this study, surface roughness was measured by Talysurf.
Results shown in the fig. 14 & 15 . Dry lubrication gives maximum surface roughness while flood cooling gives the minimum surface finish. In nano cutting fluids, percentage inclusion of graphite decreases the surface roughness. The possible reasons may be due to the decrease in cutting forces and temperatures at higher inclusions.
When experiment results under 15 ml/min flow rate compared with 5ml/min flow rate using HSS tool, the reduction in surface roughness was found 3.1% in plain MQL, 2.6% in MQL with 0.1wt% graphite, 1.6% in MQL with 0.3wt% graphite and 1.1% in MQL with 0.5wt% graphite nano fluid. Similarly, using with cemented carbide insert, the reduction was found 3.4% in plain MQL, 5.2% in MQL with 0.1wt% graphite, 2.7% in MQL with 0.3wt% graphite and 1.5% in MQL with 0.5wt% graphite nano fluid.
From all above findings, the reduction in surface roughness was maximum in MQL with 0.3wt % graphite nano fluid under 15ml/min flow rate in both HSS and cemented carbide tool machining which gave improved finish obtained on work piece material depending on controlling the deterioration of auxiliary cutting edge of abrasion, chipping and BUE formation. It was further observed reduction in surface roughness with 0.3wt% graphite nano fluid due to exhibiting enhanced thermal and lubricating properties of nano fluids like high thermal conductivity, dynamic viscosity and heat transfer coefficient that reduced frictional forces at chip tool interface and tool work interface result in decrease in temperature at the cutting zone thereby decrease in tool wear and hence improvement in surface finish.
However, from the results, when compared to HSS tool, the surface roughness appeared to be less in Cemented carbide insert in the prevailing cutting conditions.
Tool Flank Wear
Tool wear is a major parameter that characterizes the efficiency of machining process. In the present work tool wear is measured periodically. When experiment results under 15 ml/min flow rate compared with 5ml/min flow rate using HSS tool, the reduction in tool wear was found 9% in plain MQL, 9% in MQL with 0.1wt% graphite, 12% in MQL with 0.3wt% graphite and 11% in MQL with 0.5wt% graphite nano fluid. Similarly, using with cemented carbide insert, the reduction was found 9% in plain MQL, 7% in MQL with 0.1wt% graphite, 11% in MQL with 0.3wt% graphite and 10.8% in MQL with 0.5wt% graphite nano fluid.
At high and moderate cutting speeds, under plain MQL, the coolant may not have enough time to remove the accumulated heat at cutting zone result in less reduction of temperature that leads to more predominant formation of BUE and increase in tool wear. However, under MQL with graphite nano fluids machining which help in reduce the temperature result in a decrease in formation of BUE due to enhanced thermo physical properties of nano fluids.
In any machining operation, primary deformation zone and secondary deformation zone where heat generation is more and induces very high cutting temperatures. At these temperatures, the solid graphite lubricant generates thin lubricating film in tool work piece leading to reduction of tool wear. Further, low shear resistance, sliding action and low coefficient of friction with in the contact interface reduce the flank wear. The combined effect leads to decrease in tool flank wear at MQL with 0.3wt% graphite particle nano fluids under 15ml/min flow rate.
However, from the results, when compared to HSS tool, the tool wear appeared to be less in Cemented carbide insert in the prevailing cutting conditions.
CONCLUSIONS
The effectiveness of the Nanofluids in MQL has been studied in this paper through a series of tests. The following conclusions may be drawn from the present work:
1. Nano fluids have demonstrated consistently better performance in MQL compared to dry machining. Though flood lubrication is shown to perform better, the disadvantages associated with it, outweigh its performance. 2. Increase in percentage inclusion of the nano graphite leads to better performance of the fluids in terms of properties and machining responses like cutting forces, temperatures, surface roughness and tool wear. 3. Higher flow rates have shown better performance.
However, too high flow rates will come out of MQL and the disadvantages of flood lubrication like microbial contamination and disposal problems will prevail. Also the costs of Nanofluids has to be taken into consideration while deciding the flow rate. 4. At the present stage of experimentation, 0.3% nano graphite particle inclusions at 15 ml/min flow rate can be taken as the best combination. However, other tests like microbial contamination and biodegradability need to be done before arriving at a final conclusion. 
